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L ~TaODUCrION 
The effects of external factors upon the metamorphosing action of thyroxin 
have been but little studied.  There have, however, been several papers tending 
to indicate that certain chemical compounds have an inhibiting effect on the 
activity of thyroxin while others accelerate it.  Thus Zondek and Reiter (1923) 
reported that tadpoles living in water which contains CaC12 in a concentration 
of 1 part in 2000 are much less affected by thyroxin in the solution  (1 part in 
20,000,000) than are tadpoles living in ordinary tap water.  On the otherhand, 
they found that KC1 in concentrations of 1 part in 2000 tends to accelerate the 
action  of  thyroxin.  These  experiments  have,  however,  been  repeated  by 
Kosmin and Resnicenko  (1927), Hellwig  (1936), and Rosen  (1938) and no 
such effects with CaC1, and KC1 have been obtained. 
Abelin (1923) reported that the action of thyroxin is sometimes  inhibited 
by disodium phosphate but found no effects with sodium acid phosphate.  He 
concluded that the POT-- ion is responsible for the inhibition. 
This matter was taken up by Rosen  (1938) who demonstrated that the im- 
portant factor in all of the above experiments  is the relative acidity of the 
environmental solution.  Inhibition or acceleration  of the effects of thyroxin 
is dependent upon the hydrogen ion concentration in the environmental solu- 
tion rather than upon the particular ions present.  Rosen placed tadpoles  in 
solutions  containing the following ions in various combinations: Na  +, PO;  , 
CI-, CO~--, Ca  ++, H +, Mg  ++, OH-, C~I-I60~-, and C2H30~-.  The compounds 
used  were  Na2HPO4, NaH2PO4, NasPO4, HC1, CaCO~, Na2CO3, NaHCOs, 
Mg(OH)~, HC~-IsO~, HC2H302.  By employing these compounds  at various 
concentrations,  a range of hydrogen ion concentrations from pH 4.8 to pH 11.0 
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was obtained.  It was found that, with the same concentration of thyroxin 
present in all cases  (1:20,000,000),  tadpoles showed greatest signs of meta- 
morphosis in the solutions with the lowest pH values and least signs of meta- 
morphosis in the solutions with the highest pH values.  At intermediate values 
the effects were intermediate. 
These experiments  were carried  out on very small groups of tadpoles,  only 
six or seven animals being used for each test, and the experimental period was 
only 5 days.  The results were not expressed quantitatively, no measurements 
of weight or hind limb length having been made.  However,  Rosen presents 
photographs of three animals from each experiment and, since he used a rapidly 
metamorphosing  form (Rana sylvatica), the  differences are  sufficiently  well 
marked to dearly support  his general  conclusion  that "Acidity  accelerates 
and alkalinity retards the metamorphosing action of thyroxin on tadpoles." 
No hypothesis has been  advanced to account for this observation  but  it 
would  seem  that  several  possible  factors  must  be  considered.  Since the 
thyroxin, when administered  in this way must pass through the skin, or other 
epithelial  walls before it can exert its influence, some effect of hydrogen ion 
concentration upon the permeability may be of importance.  On  the  other 
hand, it is conceivable that the thyroxin itself is altered by changing  hydrogen 
ion concentration,  either by changes in its chemical nature, potency, solubility, 
or  degree  of  dissociation. 
The present experiments have been designed in an attempt to obtain some 
information concerning  these various possibilities.  It  is  clear  that,  if per- 
meability is  a  decisive factor, then parallel  experiments  with the  thyroxin 
injected into the animals rather than administered through the surrounding 
solution  should  reveal  this  fact.  Two  types  of  injection experiments  are 
possible.  (a)  The  injection of  thyroxin at  different hydrogen ion  concen- 
trations with the environment at a constant hydrogen ion concentration.  (b) 
The injection of thyroxin at constant hydrogen ion concentrations into tadpoles 
living in solutions  of different hydrogen ion  concentrations.  The results  of 
these injection experiments  can show whether, in Rosen's experiments, hydro- 
gen ion concentration  affects the rate of penetration of thyroxin or whether it 
affects the potency of thyroxin.  If there is no effect of hydrogen ion concen- 
tration in both of these injection experiments, we can assume that in Rosen's 
experiment,  hydrogen ion  concentration affects  the  rate  of penetration  of 
thyroxin.  And if there is an effect of hydrogen ion  concentration in both 
of these experiments,  then Rosen's experiment can be explained on the basis 
of change of potency of thyroxin due to change of hydrogen ion concentration. 
The problem has been studied quantitatively for both thyroxin and iodine. 
The use of iodine seemed desirable in view of the great differences in the mole- 
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thyroxin are in any way connected with its chemical nature, then they should 
not be expected to hold in the case of parallel experiments with iodine. 
The  problems with  which  the  present  experiments are  concerned  can  be 
summarized briefly as follows: 
1.  Are the potencies of thyroxin and iodine affected by change in hydrogen 
ion concentration;  i.e.,  does change in hydrogen ion concentration affect the 
potency of the inducing substances which are injected directly into tadpoles? 
2.  Are  the  membrane-penetrating powers  of thyroxin  and  iodine  affected 
by change  in hydrogen ion  concentration?  Does a  change  in hydrogen  ion 
concentration  affect the rate of penetration  of an inducing  substance which 
is present in the environmental solutions of tadpoles?  Do inducing substances 
penetrate tadpole membranes more easily at one hydrogen ion concentration 
than  at another  and  if so,  why? 
3.  Do thyroxin and iodine have similar inducing effects in these experiments? 
4.  Are solubility, degree of dissociation,  size of molecule (properties which 
are conceivably changed by hydrogen ion concentration changes) involved in 
the  induction  of metamorphosis? 
H.  Materials and  Mahods 
Tadpoles of Rana caesMana were used in all the experiments.  They were collected 
from the various ponds on the campus of The Johns Hopkins University and the 
vicinity of Baltimore, but all animals used for a single experiment were taken from a 
single pond.  During the winter months, several hundred animals which  had been 
collected from the same pond during the fall were kept in a large aquarium and used 
as a storage supply.  Before each experiment was begun, the animals were acdima- 
tized in the laboratory for 1 day in tap water.  Since the hind limbs are extremely 
susceptible to inducing effects (Kollman, 1919, and Etkin,  1932, 1935) and can be 
measured very easily, they are an excellent criterion for the degree of metamorphosis 
and they have been used as such in these experiments.  The animals to be measured 
were laid on a  wet towel and the right hind limb was measured with a pair of calipers 
to the nearest tenth of a millimeter. 
In most of the experiments comparisons were made among five similar groups of 
animals,  each group consisting  of  nine  animals which  had hind limbs of  varying 
degrees  of development.  Because the hind limb response to an inducing  stimulus 
differs according to the initial size, care was taken to select the animals in these groups 
so that all of the five groups were strictly comparable in length of hind limb. 
The animals were distributed so that three were put into each of fifteen finger- 
bowls.  This was done to avoid crowding in the bowls and because, with three ani- 
mals of different length of hind limbs in a bowl, identification of individual animals 
was readily made. 
From the above description, it is seen that comparisons of response can be made 
between animals having the same length of hind limbs, but receiving different treat- 
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from the comparison of the average response of nine animals receiving a certain type 
of treatment with the average response of a similar group of nine animals receiving a 
different type of treatment. 
In some experiments, the inducing substance, thyroxin or iodine, was contained in 
the environmental solution while in others it was injected directly into the animals. 
The  hydrogen ion concentration  of  environmental solutions and injected material 
was varied independently. 
For injecting into the tadpoles the inducing substances used in the experiments, a 
hypodermic needle was introduced into the fight body wall, at the point where the 
tail joins the body and about 1 millimeter dorsal to the hind limb.  The needle was 
pushed anteriorly into the coelom, where the fluid was emptied. 
Fresh stock solutions of thyroxin or iodine were made up  for each experiment. 
The thyroxin was made up by dissolving 10 mg. of thyroxin in 2 cc. of 0.1N KOH and 
diluting with 98 cc. of distilled water.  This produced a solution containing 1 part of 
thyroxin in  104 parts of water.  The iodine stock solution contained 0.254  gin. of 
iodine in 40 cc. of 86 per cent alcohol, making a 0.025  ~  solution of iodine.  In the 
experiments, these stock solutions were diluted to the desired concentrations with tap 
water.  (See individual experiments.) 
The  solutions in which  the animals were confined, designated as environmental 
solutions, were  changed daily.  This  was  done  both  in  experiments  in  which  the 
environmental solutions consisted of tap water and those in which it consisted of buf- 
fer solutions.  In experiments calling for environmental solutions at different hydro- 
gen ion concentrations, very dilute McIlvane (disodium phosphate-citric acid) buffers 
were used between pH 4 and 7.5 and Kolthoff and Vlesschhouwer (soda-borax) buffers 
were used at pH 8.5. 
These buffer solutions were made up in lots of 2400  cc.  Thyroxin or iodine was 
added to the buffer solutions, giving a solution whose hydrogen ion concentration and 
thyroxin or iodine content were known.  The 2400  cc. of buffer solution containing 
thyroxin or iodine were distributed into each of three finger-bowls so that there were 
800 cc. of solution in each.  Hydrogen ion concentrations were ascertained by means 
of  the  type K  modification of  the  Leeds and  Northrup  potentiometer, using  the 
quinhydrone  electrode. 
The  first  group  of  experiments,  essentially six  types,  were  performed  as 
follows: 
A.  Experiments in which animals were injected with 3/20 cc. of thyroxin solution 
(1 part in 1@) at various hydrogen ion concentrations, the environmental solutions 
being unbuffered tap water (average pH 6.9). 
B.  Experiments  in  which  animals  were  kept  in  solutions  buffered  at  different 
hydrogen ion concentrations and injected with 1/5 cc. of stock solution thyroxin (pH 
8.7). 
C.  Experiments in which animals were kept in environmental solutions buffered 
at different hydrogen ion concentrations and containing 1 part of thyroxin in 8  X  106 
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D.  Experiments in which animals were injected with 5/32 cc. of 0.0008 ~  iodine 
solutions  at various hydrogen ion concentrations, the environmental solutions being 
unbuffered tap water (average pH 6.9). 
E. Experiments in which animals were kept in solutions buffered at different hydro- 
gen ion concentrations and injected with 5/32 cc. of 0.0008 ~r iodine. 
F. Experiments in which animals  were kept in environmental solutions  buffered 
at different hydrogen ion concentrations and containing 0.000 006 25 M iodine. 
It will be seen that these six types of experiments provided, for both iodine 
and thyroxin, three general modes of treatment:  (1) environmental solutions 
at constant hydrogen ion concentration, inducing agent injected at different 
hydrogen ion concentrations;  1 (2) environmental solutions at different hydrogen 
iou concentrations and  containing the inducing agent in solution; (3) environ- 
mental solutions at different hydrogen ion concentrations, inducing agent in- 
jected at  constant hydrogen ion concentration. 
A  second group of experiments was performed to further investigate and 
clarify these  findings.  Individual  variations  in  the  methods  employed ac- 
company the experiment in question. 
No untreated controls were included in the experiments, since the only pur- 
pose was  to compare the effects of various hydrogen ion  concentrations on 
induced development and since natural growth over such short periods as were 
involved in the experiments is too small for measurement. 
IH.  EXPER rM~NTAL 
In early experiments it became apparent that the increase in length of hind 
limb shown by a tadpole under a given treatment, varied considerably depend- 
ing upon the initial length of the hind limbs.  Thus tadpoles with an initial 
difference of 1 or 2 mm. in the length of the hind limbs show strikingly different 
responses to  the  same  treatment.  Since the validity of the  experiments is 
dependent upon measurements of hind limb growth as a criterion of the effec- 
tiveness of the treatments used, preliminary experiments were performed to 
ascertain just how far such initial differences might affect the results. 
The results of these experiments, the data of which are not given here, show 
clearly that a  very close relationship does exist between the response of the 
hind limbs and their initial size.  (The coefficient of correlation was found to 
be 0.91 in one experiment and 0.84 in another.)  It was therefore necessary, 
in all later experiments to select very carefully animals with exactly the same 
1  In this connection, no claim is made that a substance injected at a particular 
hydrogen ion concentration remains at that hydrogen ion concentration after being 
injected into the  a~imal.  As  will be seen  from the  experimental results,  a  sub- 
stance sometimes does differ in its effects when injected at initially different hydrogen 
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initial length of hind limb in order to insure strictly comparable results in all 
experiments. 
A.  The Effects of Injection of Thyroxin at Diverse Hydrogen  Ion Concentrations 
(a)  Procedure 
On Jan.  9,  1940,  a  set of experimental animals having hind limbs ranging from 
3.0 to 6.0 mm. was injected with thyroxin buffered at various diverse hydrogen ion 
concentrations.  Five groups of nine animals were used as explained under Materials 
and  methods.  The  members  of  the  various  groups  were  injected  with  thyroxin 
solutions buffered at pH 4.5, 5.3, 6.7, 8.0, and 9.0. 
On Jan.  16, when one animal died, the experiment was terminated and the limbs 
of all animals were measured.  The results are given below. 
TABLE I 
The Increase after 7 Days in the Lengtk of Hind Limbs of Tadpoles Injected witk Tkyro~n at 
Different Hydrogen Ion Concentrations 
Increase in length 
Initial length  [H +] in pH units of thyroxin solutions injected 
4.S  5.3  6.7  8.0  9.0 
mm. 
6.0 
5.0 
3.8 
3.2 
3.2 
3.1 
3.0 
3.0 
3.0 
5.8 
4.8 
4.8 
4.1 
4.1 
3.8 
3.8 
5.0 
3.0 
5.7 
4.8 
4.3 
4.2 
3.9 
3.7 
3.3 
3.2 
3.0 
mm. 
5.9 
4.6 
4.6 
3.9 
3.0 
4.1 
3.8 
3.0 
3.2 
ram. 
5.6 
5.2 
4.4 
3,9 
3.5 
3.6 
3.7 
3.3 
3.2 
5.8 
5.2 
4.9 
4.2 
4.0 
3.9 
3.7 
3.0 
3.0 
Average ....  4.2  4.0  4.0  4.0  4.2 
(b) Results 
Table I  shows that there is no significant difference in the response shown by 
the animals which received these different treatments.  Thus the response of 
the tadpoles to injected thyroxin is not dependent upon the hydrogen ion con- 
centration of the thyroxin solution injected, and it appears that the potency of 
the inducing substance in this experiment has not been affected. 
B.  The Effects  of Varying the Hydrogen  Ion Concentration  of the Environment 
and Injecting  Thyroxin  at Constant  Hydrogen  Ion Concentration 
(a)  Procedure 
In  these  experiments  the  hydrogen  ion  concentration  of  the  environment  was 
varied and that of the thyroxin injected into the animals was the same for all animals. FRANCIS N.  MARZULLI  629 
All animals were injected with 3/20 cc. of 1 part in 104 thyroxin (pH 8.7) and put into 
environmental solutions with varying hydrogen ion concentrations.  One experiment 
was started on Dec. 5,  1939,  and was concluded on Dec.  11.  The initial length of 
the hind limbs in this experiment varied from 3.4 to 5.9 ram. 
A second experiment performed May 7 to 11, was carried out on younger animals 
with limbs ranging from 2.1 to 3.2 mm. in length. 
TABLE II 
The Increase after 6 Days in Lengtk of Hind Limbs of Tadpoles Living in Solutions of Different 
Hydrogen Concentrations and Injected with Thyroxin 
Increase in length 
Initial length  [H  +] of environmental solutions  in DH units 
4.4  5.3  6.2  7.4  8.5 
5.9 
5.2 
4.9 
4.6 
4.2 
4.0 
3.8 
3.7 
3.4 
3.0 
5.5 
4.4 
5.4 
4.7 
4.7 
3.8 
4.1 
3.4 
mm. 
5.5 
5.8 
4.8 
5.1 
4.2 
3.4 
4.2 
4.4 
3.5 
mm. 
5.7 
3.7 
4.2 
5.3 
4.5 
4.0 
3.7 
5.4 
3.8 
5.3 
5.5 
4.3 
5.0 
4.6 
4.1 
4.1 
5.5 
3.5 
mtql.. 
5.4 
5.5 
4.3 
4.9  , 
4.2 
3.4 
4.0 
3;2 
3.5 
Average  ....  4.6  4.5  4.7  4.7  4.5 
(b)  Results 
The results of Experiment 1 given in Table II show that the average increase 
in the variously treated animals is fairly constant.  Experiment 2 gave similar 
results.  Thus it appears that the hydrogen ion concentration of the environ- 
ment has no effect upon the response of tadpoles to equal quantities of injected 
thyroxin. 
C.  Tke Effect of Environmental Solutions Having Diverse Hydrogen Ion Concen- 
trations  upon  tke Inducing  Action  of  Tkyroxin  in Solution 
(a)  Procedure 
This experiment was performed April 27 to May 4, 1939.  The length of the hind 
limbs ranged from 1.7  to 3.3 ram.  In this experiment the members of each group 
did not correspond exactly in length of hind limb at the start of the experiment.  The 
averages for each group, however, were the same.  The animals were kept for 7 days 
in  solutions containing thyroxin  (1  part  in  8  ×  106  solution)  buffered at  diverse 
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TABLE III 
The Increase after 7 Days in the Length of Hind Limb of Tadpoles Living in Thyroxin Solutions 
at Different Hydrogen Ion Concentrations 
[H  +] of environ- 
mental solution 
in pH units 
4.2 
5.2 
6.3 
7.4 
8.8 
Initial 
Increase 
Initial 
Increase 
Initial 
Increase 
Initial 
Increase 
Initial 
Increase 
Limb length  .Aversge 
increase 
rara" rara2.9" rara2.~, ram. rnm. 
3.3  2.]  2.5 
6.0  3.11 3.~  3..  c  3.6 
3.2  2.9[  2.7  2.(  2.5 
3.0  3.3 / 4.1  3.(  2.2 
3.1  2.8 / 2.7  2.;  2.4 
3.8  3.9[ 3.~  3.1  3.6 
3.2  2.9[ 2.7  2.~  2.6 
3.9  4.0[ 3.7  3.[  3.6 
3.3  2.9[ 2.7  2.~  2.4 
3.7  3.313.0  2.1  2.3 
g~ra.  rara.  rara.  rara. 
2.4  2.1  2.0  1.7 
3.3  2.6  2.4[  2.2 
2.4  2.1  1.9  1.7  iii 2  0 
24  2.2  2.0 /  1.7 I 
3.0  3.0  2.4 / 1.8[ 
2.4  2.2  1.8[  17 I 
2.9  2.3  1.51 1.6 I 
2.3  2.2  1.9[ 1.7 
1.9  1.4  / 1.3 
mm. 
3.6 
3.2 
3.1 
2.9 
2.4 
(b)  Results 
It can be seen in Table III that the greatest average increase  in hind limb 
length occurs in the animals living in the more acid solutions.  Since the re- 
sponse to thyroxin is proportional to the  amount  which  the  animal  receives 
and since it is independent of the hydrogen ion concentration of the thyroxin 
solution  of the  environmental  solutions  (experiments  of Sections  A  and  B), 
then  in  these  experiments  the  effect of hydrogen ion concentration  must  be 
in regulating the amount of thyroxin which enters the animal body. 
Large amounts  of water pass  in and  out of the  tadpole  body through the 
integument  and  animal  membranes.  This  experiment  indicates  that  the 
hydrogen  ion  concentration  of the  solution  in  which  the  tadpole  is  living in 
some way affects the rote of passage of thyroxin through the integument and 
animal membranes. 
Thus the greatest passage of thyroxin into the animal occurs at the  higher 
hydrogen  ion  concentrations  (lower  pit  values). 
D.  The Effects of Injection  of Iodine  at Different Hydrogen  Ion Concentrations 
(a)  Procedure 
These experiments are like those outlined in Section A, but iodine is used instead 
of thyroxin.  On Feb.  6,  1940,  the experimental animals were injected with iodine 
at  various  hydrogen ion  concentrations  and  put  into  finger-bowls  containing tap 
water.  In  this  experiment,  each  group  contained  twelve  animals  instead  of the 
customary nine.  The hind limb lengths ranged between 2.8 and 3.0 ram.  In this 
series  there were 30 animals which had an initial hind limb length of 2.8 ram. but 
differed  greatly  in  body size.  These  were  equitably  distributed  into  five finger- 
bowls according to body size.  In this experiment, then, one series of animals con- ]~RANCIS N.  MARZULLI  631 
sisted of  five finger-bowls containing six animals having the  same length of  hind 
limb but different body sizes. 
The animals were injected on Feb. 6, Feb. 17, and Feb. 24 with 5/32 cc. of 0.0008 M 
iodine at a hydrogen ion concentration of pH 4.5, 5.6, 6.6, 7.5, and 8.6.  The experi- 
ment ended on Feb. 29. 
TABLE IV 
The Increase after 23 Days in the Length of Hind Limb of Tadpoles Injected with Iodine at 
Different Hydrogen Ion Concentrations 
Increase in length 
Initial length  [H +] of injected iodine solutions in pH units 
4.5  5.6  6.6  ]  7.5  8.6 
2.8 
2.9 
2.8 
2.8 
2.8 
2.8 
2.9 
2.9 
2.9 
3.0 
3.0 
3.1 
3.4 
0¢8 
0.7 
0.6 
0.2 
0.2 
0.1 
0.0 
0.0 
1.0 
0.1 
3.2 
mm. 
6.0 
5.3 
3.2 
3.2 
1.6 
0.4 
2.9 
1.9 
1.8 
1.9 
1.8 
4.3 
mm. 
6.4 
3.7 
3.4 
3.1 
3.0 
2.1 
4.5 
3.3 
2.7 
1.2 
1.1 
4.9 
1.6 
1.5 
1.0 
0.9 
0.9 
0.4 
0.9 
0.3 
0.1 
0.6 
0.0 
3.7 
ft$~. 
1.0 
0.6 
0.1 
0.1 
0.1 
0.0 
0.8 
0.4 
0.1 
0.7 
0.3 
2.1 
Average  .....  0.9  2.9  3.3  0.9  0.5 
(b)  Results 
The results, indicated in Table IV show that the inducing  potency of injected 
iodine, unlike that of thyroxin, is dependent on its hydrogen ion concentration. 
Animals injected with iodine at pH 4.5, 7.5, and 8.6 showed hardly any response 
but those injected with iodine at pH 5.6 and 6.6 did respond significantly. 
E.  The  Effects  of Environmental  Solutions  of Diverse  Hydrogen  Ion  Concen- 
trations  upon  the  Influence  of Injected  Iodine 
(a)  Procedure 
On Nov. 14, 1939, animals having hind limbs of 4.8 to 8.0 ram. were injected with 
5/32 ec. of 0.0008 ~ iodine and put into environmental  solutions at diverse hydrogen 
ion concentrations.  The animals were injected again on Nov. 21 and were measured 
on Nov. 25 and Nov. 30. 
A  second experiment was performed Oct.  24 to Nov. 4 with animals ranging in 
length of hind limb from 3.2 to 5.4 mm.  The animals were injected with 1/5 cc. of 
0.0005 ~t iodine on Oct. 24 and 1/5 cc. of 0.0012 ~ iodine on Oct. 29. 632  TI~03~I~- AND IODINE-TREATED  TADPOLES 
TABLE V 
The Increase after 9 and after 12 Days in the Length of Hind Limbs of Tadpoles Living in 
Solutions of Different Hydrogen Ion Concentrations and Injected with Iodine 
Increase in length 
[H +] of environmental solutions in pH units 
Initial length 
4.2  5.5  6.2  7.5 
mm. 
8.0 
7.3 
7.0 
6.8 
6.0 
5.7 
4.9 
4.8 
4.8 
A, average  ..... 
B, average  ..... 
mm, 
4.1 
3.7 
3.6 
3.8 
3.2 
3.0 
2.6 
2.4 
3.4 
3.3 
mm. 
6.1 
4.9 
5.1 
4.6 
4.9 
5.3 
4.1 
3.1 
5.5 
4.8 
mm. 
5.6 
3.6 
2.4 
4.1 
3.9 
3.1 
3.2 
2.3 
3.2 
3.5 
mm. 
7.6 
5.4] 
5.0 
5.6~ 
6.1 
5.2 
4.8: 
4.1  i 
4.3 
I 
5.3 
mm. 
5.9 
4.1 
3.8 
5.3 
4.9 
3.2 
6.0 
3.2 
2.7 
4.3 
7.3 
6.1 
5.7 
7.4 
6.0 
5.7 
8.5 
5.2 
4.2 
6.2 
A 
mm.  mm. 
5.1 
1.9  3.4 
2.3  3.9 
4.3  5.9 
2.9  4.3 
2.5  4.9 
3.3  5.3 
3.3  4.6 
3.2  5.2 
3.2 
8.5 
B  A  B 
mm.  mm. 
7.4  3.1  5.9 
5.6  7.2 
2.4  4.3 
4.1  6.6 
4.3  7.7 
0.7  2.5 
2.1  3.7 
1.2  3.0 
1.4  3.0 
2.6 
5.0  4.9 
A, measurements for Nov. 25. 
B, measurements for Nov. 30. 
(b)  Results 
Table V, containing the measurements for Experiment  1 made on Nov. 25 
and Nov. 30 shows that the hydrogen ion concentration of the environmental 
solution does affect the  inducing action of injected  iodine.  On plotting the 
average increase in length of hind limbs against pH values of the environmental 
solutions,  the  resultant  curve  resembles  that  of  the  preceding  experiment. 
In both cases the curve is low at pH 4.5 and 8.5 and reaches a  maximum be- 
tween pH 6.2  and 6.6.  However, the slope of the curve is much greater in 
the preceding experiment,  the results being more marked when the  iodine is 
injected directly.  Although the hind limbs have increased in size between Nov. 
25 and Nov. 30, the curves for these two dates are very similar. 
The results of Experiment 2 agree with those of 1 in spite of the fact  that 
little growth of the hind limbs was obtained due to the short duration  of the 
experiment. 
It can be concluded from these experiments that the potency of iodine is not 
only dependent on the hydrogen ion concentration of the iodine when injected 
but also on the hydrogen ion concentration of the solutions in the immediate 
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Presumably, this is due to the fact that the environmental solutions  are 
continually being  taken into the animal.  Since  the potency of iodine is de- 
pendent upon  its hydrogen ion  concentration, the  environmental solutions, 
being continually carried  into the animal can conceivably act on  the potency 
of the iodine.  Thus environmental solutions  of different hydrogen ion con- 
centrations have diverse effects. 
F.  The  Effects  of  Environmental  Solutions  at  Diverse Hydrogen Ion 
Concentrations,  Containing  Iodine 
(a)  Procedure 
On Oct. 2, 1939,  the experimental animals ranging from 3.0 to 5.9 ram. in length 
of hind limbs were put into solutions of different hydrogen ion concentrations con- 
taining 0.000, 006, 25 ~  iodine.  The animals were measured on Oct. 21. 
TABLE VI 
The Increase after 19 Days in the Length of Hind Limbs of Tadpoles living in Solutions of 
Different Hydrogen Ion Concentrations Containing Iodine 
Increase in length 
Initial length  [H  +] of environmental solutions in pH units 
4.5  5.3  6.2  7.5  8.5 
5.9 
5.2 
4.8 
4.1 
4.0 
3.9 
3.2 
3.1 
3.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
ltn,~, 
0.7 
0.6 
0.5 
0.4 
0.7 
0.3 
0.6 
0.6 
0.3 
mm. 
2.4 
3.0 
4.0 
3.0 
2.8 
3.2 
3.0 
1.9 
2.1 
m!~° 
4.0 
5.9 
4.0 
4.0 
3.7 
2.1 
3.5 
2.8 
2.5 
mm. 
1.8 
3.7 
1.0 
1.2 
0.8 
1.3 
1.7 
0.7 
0.8 
Average  .....  0.0  0.5  2.8  3.6  1.4 
Although the experiment took 19 days, the animals at pH 4.5 all died after 10 days. 
(b)  Results 
After 10 days all the animals at pH 4.5  died  without  any  growth  of  hind 
limbs.  The  animals  at  pH  7.5  showed  a  measurable  increase  in  length  of 
hind limbs, but those at pH 6.8 and 5.2 grew very little.  The results  of this 
experiment  are  given  in  Table  VI.  Plotting  average  increase  in  length  of 
hind limbs against hydrogen ion concentration of the environmental  solutions 
shows a  curve with a  deep slope at the hydrogen ion concentrations above  and 
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The previous experiments with iodine (Sections D  and E) have shown  that 
the potency of injected iodine is affected by the hydrogen ion concentration of 
the injected iodine and the hydrogen ion concentration of the  environmental 
solution.  Graphs for these two experiments show the same maximum  points 
of response although in one type of experiment the hydrogen ion concentration 
change is in the environment and in the other type in the substance  injected 
into the animal.  These results differ, however, from the results of the experi- 
ments  in  this section  (Section F)  in  the maximum point  of  response.  The 
essential experimental difference between the  experiments of Section F  and 
those of Sections D and E is the penetration of the integument by the inducing 
substance in the experiments of  Section F.  Thus the difference between the 
results of this experiment and the previous iodine experiments may in some 
way be due to the two factors which  are at work here, namely potency and 
the penetration of the integument as contrasted with one factor involved in the 
previous experiments, namely potency. 
From the iodine experiments it can be concluded that iodine solutions, unlike 
thyroxin solutions, vary in their power of metamorphic induction according to 
the hydrogen ion concentration. 
G. Investigations into the Nature  and Cause of the Effects of Hydrogen Ion 
Concentration on  Thyroxin-Induced  Metamorphosis 
It has been shown that the development of tadpoles in environmental solu- 
tions containing thyroxin is dependent upon the hydrogen ion concentration 
of that  environment.  Further experimentation indicated  that  this effect is 
not due to a difference in the chemical nature of the thyroxin, but to a difference 
in  the rate  of penetration of thyroxin into the animals  under these diverse 
conditions.  It is now desirable to attempt to ascertain the factors involved 
in this difference in penetration rate under differing conditions of acidity and 
alkalinity. 
One of the most logical suspicions is that the metabolic activity of the animal 
is  dependent  upon  the  hydrogen ion  concentration of the  environment.  A 
change in metabolic activity can bring about a change in the rate of intake of 
environmental fluid  and  its  dissolved  substances  and  such  a  change  could 
conceivably account for  the  differential growth  of  tadpoles  in  solutions  of 
thyroxin  at  different  hydrogen  ion  concentrations.  The  following  experi- 
ments were undertaken in an attempt to test this hypothesis. 
(a) Procedure 
Respiration-metabolism  tests were made upon the same twelve tadpoles at different 
hydrogen ion concentrations.  The animals  ranged in weight  from 1.9  to 4.1  gin. 
They were kept in tap water for 1 week before being tested at another hydrogen ion 
concentration.  The tests  were  made in  unbuffered tap  water at  pH  6.9  and in 
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The apparatus used in this experiment is diagrammed in Fig. 1.  Water (w) at a 
known hydrogen ion concentration was put into a  20 liter carboy and oxygen was 
allowed to bubble through slowly.  A manometer (m) was connected to the carboy 
so that the oxygen pressure in the carboy Was maintained at 795 ram. of mercury. 
The water was allowed to siphon down into each of four chambers (a) ; three of these 
contained experimental  animals while the fourth served as a  control.  These chambers 
were mounted in an aquarium with adequate facilities (s,h,t,r) for maintaining a 
constant temperature of  24.5°C.  The chambers were connected with two parallel 
tubes (ct, or)  inclined at an angle of 45  °.  One tube (or)  was an overflow  tube, the 
other (ct)  a  collecting tube.  A  steady flow of  water was  maintained through the 
FIG. 1.  Apparatus for respiratory metabolism test.  a, animal chamber; h, heater; 
m, manometer; r, relay; s, stirrer; t, thermoregulator; w, water source; ct, collecting 
tube; o6 outflow tube. 
overflow  tube for 4 hours at 100 cc. per hour during which time the tadpoles were 
acclimatized and  the  entire system  reached  an  equilibrium.  Then the  overflow 
tube was closed  and water was allowed to flow up the collecting tube at the same 
rate of flow.  This water was collected under oil and analyzed for oxygen content. 
The oxygen content of  the control minus the oxygen content of  the water which 
had flowed past the tadpoles was considered to be the amount of oxygen consumed 
by the tadpole. 
Measurements of dissolved oxygen in water were made by the Thresh iodometric 
method of  titration.  This method has been described by Sutton (1896).  It was 
found to be accurate and yet more convenient than the Winlder method generally 
used by biologists.  It is based on the fact that KI when mixed with sulfuric acid 
and sodium nitrite liberates iodine in proportion to the amount of dissolved oxygen 
present.  The  liberated iodine  can  then  be  calculated  by  titration with  sodium 
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(b) Results 
Over one hundred and forty respiration-metabolism tests were performed, 
the results of which are not shown here in table form.  At pH 8.3 the rate of 
oxygen consumption in  mg./hr./gm, was 0.175  q-  0.0136  (standard  error), 
at pH 6.9 it was 0.317 -4- 0.0445, and at pH 4.3 it was 0.441 -4- 0.0195.  These 
results show clearly that the hydrogen ion concentration of  the surrounding 
medium has a profound effect on the rate of respiratory metabolism of the tad- 
pole.  The greatest extent to which these figures can be wrong (three times the 
standard error) still shows no overlapping of numbers at pH 4.3 and  pH  8.3. 
It would seem that these findings may provide the  explanation for the effect 
of  hydrogen  ion  concentration  on  thyroxin-induced  metamorphosis.  It  is 
therefore postulated that increase in the metabolic rate  results  in increase in 
the corresponding intake of the environmental water with the  result that a 
greater amount of dissolved thyroxin penetrates  the integument  in a  given 
time.  The reverse  is true when the metabolic rate  is decreased.  Keeping 
tadpoles in thyroxin solutions at different hydrogen ion concentrations therefore 
results in differential growth. 
H.  The Effects  of Hydrogen Ion Concentration  on Normal Metamorphosis 
The effect of hydrogen ion concentration on the rate of metabolic activity 
in thyroxin-treated animals immediately gives rise to the suspicion that normal 
metamorphosis may also be affected by this factor.  It would be expected that 
animals engaged in active secretion of thyroid hormone would secrete in ac- 
cordance with their rate of metabolism, and also that animals with depleted 
stores of hormone would replenish their supply in accordance with their meta- 
bolic rate.  In order to test the validity of these ideas, large tadpoles, nearing 
the metamorphic crisis were used.  It is obvious that small tadpoles cannot 
be utilized because their normal growth is so slow as to make their use im- 
practical in a study of this kind.  On the other hand a difficulty is encountered 
in obtaining large numbers of old tadpoles in exactly the same stage of hind limb 
development.  This difficulty becomes of little importance, however, in view 
of the fact that animals nearing the metamorphic climax have reached a point 
of maximum responsiveness.  That is, response of the hind limbs to growth- 
inducing substances is no longer significantly dependent on their initial size. 
Therefore a  comparison of the growth of hind fimbs among animals differing 
by not more than 1 ram. in initial hind limb length is wholly justifiable. 
The following experiments were performed at different seasons of the year. 
The first experiment was performed on winter tadpoles with depleted thyroids. 
These animals probably had to synthesize their hormone from iodine taken in 
in  small amounts from the environment.  The  second experiment was per- 
formed on summer tadpoles actively engaged in secreting the thyroid hormone. ~'RANCIS  N.  MARZULLI  637 
Experiment  1 
(a)  Procedure 
Forty tadpoles were selected that had hind limbs  which varied betwgen 15  and 
37 ram. in length.  These were divided into five groups of eight, the members of each 
group not varying in hind limb length from the members of any other group by more 
than  1 ram.  The animals  were kept  at  different hydrogen ion concentrations for 
28 days (Jan.  10 to Feb.  7).  Their only source of food was Elodea,  Spirogyra,  and 
bread. 
TABLE VII 
The Effect of Hydrogen Ion Concentration on the Rate of Growth of the Hind Limbs of Tadpoles 
[H  +] of environ- 
mental solution 
in pH units 
4.3 
5.3 
6.2 
7.3 
8.6 
Initial 
Increase 
Initial 
Increase 
Initial 
Increase 
Initial 
Increase 
Initial 
Increase 
Limb length 
mm.  2~.3mm.  ram. 
31.8  21.0  16.1 
2.3  6.4  2.0  0.6 
32.(3  24.0  20.8  16.1 
0.~  0.8  1.3  1.0 
32.1  24.2  20.7  16.1 
0.8  1.8  O.C  0.2 
31.7  23.7  20.6  16.1 
0.1  0.6  0.3  0.1 
31.8  23.6  20.1  16.1 
0.(3  1.2  0.(3  0.9 
•ra.  ram.  ram. 
36.1 26.1 22.5 
1.4  2.2[  1.0 
36.8126.6123.2 
1.4  2.4[  1.2 
35.2 26.0 22.9 
2.61 1.31 0.9 
35.8 26.0 22.2 
2.2  0.1  0.7 
36.2 26.1 23.0 
0.1  0.7  0.3 
Average 
mcrease 
m~.  mm. 
15.0 
0.5  2.1 
15.0 
0.0  1.1 
15.0 
0.7  1.1 
15.0 
0.7  0.6 
15.0 
0.1  0.4 
(b)  Results 
Development was extremely slow due to the fact that the thyroid gland was 
depleted of hormone following the active growing period of the summer months. 
This,  however,  does  not  detract  from  the  significance  of  the  results  which 
show five times  as much growth at pH 4.3 as at pH 8.6.  These results  are 
shown in Table VII.  Differential growth seemingly results  from the control 
which metabolic activity exerts on the amount of iodine which enters the animal 
from the environment.  This explanation  is based on a  supposition  that  the 
iodine of the environment (derived probably  from the  Spirogyra  and  Elodea) 
exists  in a  form whose inducing effect is not dependent  on hydrogen ion con- 
centration.  On the other hand it is not impossible that  animals  nearing  the 
metamorphic climax can draw on other organs of the body for a supply of iodine. 
Either  explanation  requires  the  interpretation  of differential  growth  in  this 
experiment  as  due  to  an  effect  of the  differential  metabolic  rates  found  in 
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Experiment g 
(a)  Procedure 
Forty-five tadpoles were selected which  had hind limbs varying from 4.3 ram, to 
14.1 mm. in length.  Five groups of nine animals were made, the members of each 
group differing but slightly from those of another group inasmuch as these animals 
were not all near the metamorphic climax.  The various groups were kept at different 
hydrogen ion concentrations for 25 days (June 19 to July 14). 
TABLE VIII 
The Effect of Hydrogen Ion Concentration on the Rate of Growth of the Hind Limbs of 
Tadpoles 
[H  +] of envi- 
ronmental 
solution in 
pH units  I 
4.3 
5.3 
6.2 
'l  7.3 
8.6 
Initial 
Increase 
Initial 
Increase 
Initial 
Increase 
Initial 
Increase 
Initial 
Increase 
mm. 
14.1 
20.1 
14.1 
22.7 
14.2 
20.9 
14.1 
19.6 
14.1 
16.8 
Limb length  .Average 
~. 
'7  ram.  mrs. 
9.3  8.3  8.0 
13.4  7.9 
9.3  8.3  7.9 
22.5  2.6  1.9 
9.3  8.3  7.9 
16.4  27.5  0.9 
9.3  8.3  7.9 
5.5  2.8  0.0 
9.3  8.3  8.0 
1.1  3.9  2.7 
7.0  6.0  5.0  4.9  4.3 
2.61 7.81 0.4  0.01 2.8 
7.01 6.1] 5.0  4.9[ 4.3 
18.91 1.3[ 0.1  0.4[ 2.5 
7.01 6.0[ 5.0  4.9[ 4.3 
3.9[  0.4[ 2.2  0.4] 0.0 
7.01 6.1[ 5.0  4.91 4.3 
1.41 1.31 1.0  0.01 o.4 
7.0  6.01 5.0  4.9  4.3 
1.2  12  0.0  0.0  0.4 
mill. 
8.1 
8.1 
8.1 
3.6 
3.1 
(b)  Results 
These animals present a  wide degree of variation in the responses of indi- 
vidual  tadpoles.  Probably this  is  due  to  the  fact that  some  animals  have 
acquired and stored a greater amount of hormone than have others during the 
winter and spring.  The results of this experiment, shown in Table VIII, point 
to greater response among the larger limbed tadpoles.  Being older and larger, 
they would he expected to have stored larger amounts of iodine than the smaller 
limbed tadpoles.  Generally speaking, the variability in response  of  the  tad- 
poles depends on the intensity and rigidity of  environmental  stimuli.  The 
response of the tadpole to iodine  is less variable in a  buffered solution  than 
in an unbuffered one because of the relative rigidity of the buffered environ- 
ment.  Then also, the more potent the inducing stimulus, the less variable the 
response.  The response of tadpoles to thyroxin is less variable than the re- 
sponse to iodine, and this response is in turn less variable than the response to 
the normal growth stimuli.  The effects of hydrogen ion concentration in this 
experiment may be interpreted  as resulting from a  metabolic control of the 
release of the thyroid hormone.  The average growth of the nine animals at 
pH 4.3 is over twice as great as that at pH 8.6. ]~RANCI$ N.  MARZULLI  639 
I.  Investigations into the Nature  and Cause of the Effects of Hydrogen Ion Con- 
centration on  Iodine-Induced  Metamorphosis 
Since we have now found a possible explanation for the effects of hydrogen 
ion concentration on thyroxin-induced metamorophosis, it is well to turn to an 
investigation of iodine-induced metamorphosis.  This we know to be different 
from  thyroxin-induced metamorphosis  in  view  of  the  experimental  results 
already presented.  It  will be remembered that  the effects of hydrogen ion 
concentration upon iodine-induced metamorphosis are such that injected iodine 
at pH 4.3 or at pH 8.5 causes little or no development of the hind limbs while 
at pH  6.7  there' is  much development.  These results  differ markedly from 
those obtained when thyroxin is used as the inducing agent and it is therefore 
clear that  any explanation for the  effects of hydrogen ion concentration on 
thyroxin-induced  development  would  be  unsatisfactory  for  iodine-induced 
development.  In fact it seems clear that effects of hydrogen ion concentration 
upon iodine-induced metamorphosis are concerned with changes in the chemical 
state of the iodine itself rather than changes in the amount of the inducing agent 
which enters the tadpole body.  In the following paragraphs are listed a  few 
equations which  illustrate  the  kind  of chemical changes  which  occur when 
iodine is put into water and buffered at different hydrogen ion concentrations 
(Ephraim,  1934). 
In strongly alkaline solutions, hypiodite is formed.  The reaction is com- 
plete, and accounts for the fact that the starch test for iodine cannot be used in 
strongly alkaline  solution. 
(1)  2NaOH +  I2 -* H20 +  2NaIO 
This reaction is reversible and in a weakly alkaline solution the formation of 
hypiodite is not complete, so that the starch test for iodine can be used. 
(2)  H20 +  2NaIO --~ 2NaOHI+I2 
Due to the removal of H + ions in alkaline solutions, iodine reacts with water 
to form salts of the oxy-acids. 
(3)  3H20 +  I, --* 5HI  +HIO3 
The reverse reaction takes place in acid solutions. 
(4)  5HI +  HIO8 --* 3I, +  3H20 
The hydrolysis of iodine is favored by alkaline solution.  The equilibrium 
point in this reaction lies well to the left and only small amounts of these sub- 
stances  are  produced. 
(5)  H20 +  I2 --* IOH +  HI 
The yield of IOH can be increased by adding either  silver salts or mercuric 
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(6)  AgNO8 +  I2 -t- H20 --~ AgI +  HIO -t- HNO3 
Hypiodous acid is extremely unstable forming HI and HIO8 readily. 
(7)  3HIO --* HIO, +  2HI 
This reaction is very slow in dilute solution. 
From the above reactions,  it is evident that when iodine is put into water, 
it assumes a variety of chemical forms, the predominance of any one form being 
dependent on the hydrogen ion concentration.  It is logical then to suspect that 
differential growth of tadpoles in iodine at different hydrogen ion concentrations 
is due to the presence of a  variety of chemical forms of iodine and that these 
forms are not all equal in their ability to induce development.  The following 
experiments with iodine were designed to investigate such a  possibility. 
Experiment 1 
(a)  Procedure 
Three groups of animals were selected whose hind limbs varied between 3.2 ram. 
and 4.5 ram. in length.  Each group was put into a solution buffered at pH 6.8 and 
containing iodine at a  concentration of 6.25  ×  10 -e ~.  The iodine was supplied in 
three  chemical forms,  as  elemental  iodine,  as  potassium  iodide,  and  as  potassium 
ioclate.  In this way the effect of iodine, iodide, and iodate can be compared with 
reference to their ability to induce development. 
(b)  Results 
The results of this experiment show clearly that the form in which inorganic 
iodine is administered determines the degree of growth response in the tadpole. 
Elemental iodine buffered to pH 6.8 has been shown to be very efficient (Experi- 
ment  F).  In  this  experiment  it  can  be  seen  that  it  is  much  more  efficient 
than  either  iodide  or  iodate.  Iodate  in  the  same  concentration  shows  no 
ability  whatsoever  to  induce  development  while  iodide  shows  only  a  very 
slight ability.  The average growth of the hind limbs of nine animals  in iodine 
solution was 2.0 man., those in iodide solution showed an increase of only 0.1 
ram. during the same period, and those in iodate solution failed to grow at all. 
Experiment 2 
(a)  Procedure 
Two groups of tadpoles were selected which had hind limbs varying between 2.9 
mm. and 6.0 ram. in length.  One group of animals was put into a solution buffered 
at pH 6.8 and containing 6.25  ×  10 -s ~ iodine.  The other group of animals was put 
into a similar solution containing in addition 2  X  10 -7 M AgNOz,  The silver nitrate 
was added so as to remove iodide ions and increase the production of iodite at the 
expense  of iodine  (equation 6).  Since we know that  elemental iodine buffered at 
pH 6.8 is much more potent than iodide, the reduction in elemental iodine with the 
production of iodite should indicate the relative potency of the elemental iodine as 
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(b)  Results 
In this experiment the amount of iodite produced in the solution containing 
silver nitrate was rather small.  This was necessary because of the fact that 
silver nitrate is a very toxic substance and can be added in only small quantities 
if the tadpoles are to survive.  This means that equation 6 could by no means 
be  brought  to  completion.  The  experimental  results  show  that  an  iodine 
solution at pH 6.8 is far more potent than an  iodite solution at the same hydro- 
gen ion concentration.  The results do not of course indicate to what extent 
iodite does induce development, if at  all since the iodite-containing solution 
contained even more iodine than iodite.  The average growth in the length of 
the hind limbs of tadpoles was 2.3 ram. in the elemental iodine solution and 1.7 
ram.  in the solution containing iodine and iodite. 
Experiment 3 
When iodine is added to water a variety of ions is formed and the concen- 
tration of the individual ions is dependent upon the hydrogen ion concentration 
of the solution.  It can be seen from equation (4) that an increase in hydrogen 
ion concentration hinders the formation of iodide and iodate, and from equation 
(5) that an increase in hydrogen ion concentration hinders the formation of 
iodite.  Thus increased acidity results in an increased concentration of free 
iodine.  We have already seen that iodine solutions are less and less potent 
as inducing agents as the hydrogen ion concentration is increased from the 
neutral point and one must assume that this is due to the fact that free iodine 
of itself is not a potent inducing substance.  This would seem to indicate that 
some substance which is produced at the neutral point must be present along 
with free iodine in order for the iodine to have its full effect.  Among the sub- 
stances produced at the neutral point are iodide, iodate, and iodite.  We know 
that iodide reacts with iodine to form an iodine complex in the following way, 
I~ +  I- --o I3 and it can be shown both theoretically and experimentally that 
greater quantities of this complex are present in neutral than in acid solution. 
This suggests  the possibility that  it may be the I~ which is responsible for 
growth.  If this is true, then it would be expected that a solution containing a 
high concentration of I~ should induce growth even at the high hydrogen ion 
concentrations at which tittle growth is obtained by means of iodine alone. 
A brief experiment utilizing the starch test for iodine seems to indicate that 
I~ is  formed in  highest concentrations at  the neutral points.  The reaction 
of starch with iodine to form a  blue starch-iodine compound has been shown 
by Mytius (1887)  to be favored by the presence of iodide ions.  It is therefore 
thought that it is I~ which gives the starch-iodine test rather than free iodine. 
An experiment was performed to test roughly at which hydrogen ion concentra- 
tion one would expect to find the greatest starch-iodine reactions; i.e., greatest 
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ties of iodine and starch at pH 4.3, 5.8,  7.0,  and 8.6 produce the violet color 
only at pH  7.0.  At pH 8.6 the solution is colorless, at pH 5.8 it is amber 
(with a faint blue), and at pH 4.3 it is amber.  Thus I~ seems to be produced 
maximally at about the neutral point and this would support the hypothesis 
that I~ is responsible for the induction of growth. 
As for the theoretical viewpoint, if we consider equation  (5)  to be the only 
reaction occurring and, from  the equilibrium reaction, calculate the amount 
of iodide formed at pH 4.3 and at pH 7.0, we find that 50 per cent of the iodine 
which does react according to this equation is converted to iodide at  pH  7.0 
and only 3 per cent at pH 4.3. 
[IOH] X [H  +] X [I-] 
=  3  X  10  -1"* 
lid 
* Ephraim (1934). 
Thus the iodine which actually does enter into the reaction would  be  ex- 
pected to yield more iodide and consequently more ~  at pH 7.0 than at pH 4.3. 
An  experiment was performed to test whether or  not tadpoles raised under 
these different conditions exhibit any diverse effects which  may be attributed 
to the different concentrations of I~. 
(a)  Procedure 
Two groups of twelve tadpoles were procured on Mar. 28, 1941.  One group was 
kept in a solution of elemental iodine,  the other in a mixed solution  of potassium 
iodide  and  elemental  iodine.  The  final  iodine  concentration  in  both  solutions 
amounted to 6.25 X  10 -6 M and the hydrogen ion concentration was adjusted to pH 
5.2.  Two other groups of eight tadpoles  each were used in a parallel experiment in 
which the hydrogen ion concentration was adjusted to pH 6.8. 
(b)  Results 
Mter 26 days, the average growth of the animals amounted to 2.2 mm.  in 
the iodine solution and 2.0 ram. in the iodine-complex solution.  This differ- 
ence is not statistically significant and indicates that the iodine-complex is not 
more potent as an inducing substance than iodine.  This experiment therefore 
fails to confirm the hypothesis advanced above to account for the difference 
in inducing ability of iodine solutions at different hydrogen ion concentrations. 
The results of the second experiment add little.  In the same period of time 
(26 days) these animals in both types of solutions, although smaller than those 
used at pH 5.2 grew more rapidly.  They averaged an increased growth of 3.1 
ram.  in  the  iodine and 3.0 ram.  in  the  iodine-complex solutions.  Thus the 
inducing capacities of the iodine-complex and the elemental iodine solutions are 
seemingly similarly affected by a  change in hydrogen ion concentration from 
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IV.  DISCUSSION 
The results which have been obtained in this investigation seem to present a 
rather complex situation the solution of which cannot yet be said to be com- 
plete.  Nevertheless,  certain facts have  been ascertained  which  add  to  our 
knowledge  of  the  factors  involved in  the  problem under  investigation  and 
which will undoubtedly be of importance in the final solution of the matter. 
Rosen's finding, that the induction of metamorphosis by means of thyroxin 
dissolved  in  the  environmental solution  is  influenced  by  the  hydrogen  ion 
concentration of the solution, has been definitely confirmed.  With the same 
thyroxin concentration, animals  kept  in  solutions  of higher  acidity show  a 
greater response than do those kept in solutions of lower acidity.  Thus as 
Rosen pointed out, acidity accelerates and alkalinity retards the metamorphos- 
ing action of thyroxin. 
Several hypotheses can be advanced to explain these results.  The potency 
of thyroxin itself may conceivably be affected by a  change in  hydrogen  ion 
concentration, so that it would be more effective in acid solutions.  However, 
our experiments with injected thyroxin (Section A) seem to make such an ex- 
planation  untenable,  for hydrogen ion concentration does not affect the  in- 
ducing power of thyroxin when the thyroxin is injected into the animal.  This 
being so one must  conclude that  the hydrogen ion  concentration of the en- 
vironment does not act directly upon the thyroxin molecule itseff, decreasing 
its effectiveness as an inducing agent, but that instead the hydrogen ion con- 
centration of the environmental solution brings about in some way an effect 
on the availability of dissolved thyroxin to the animal.  We know that this 
cannot be due to a  solubility effect because thyroxin, being more soluble in 
alkaline solutions than in acid solutions would hardly be expected to supply 
more thyroxin to the tadpole in acid solution.  Possibly the effect could be 
one which acts upon the integument of the animal in such a way that the per- 
meability of the skin to thyroxin is greater at high hydrogen ion concentrations 
than  at  low.  We  have  not  investigated  this  possibility,  but  feel that  the 
results of our experiments with the effects of hydrogen ion concentration upon 
the  respiratory metabolism of the  tadpole  strongly indicate  the method by 
which the tadpole is furnished more thyroxin from a  more acid environment. 
The water of the environment furnishes the source of water and salts  to 
the tadpole.  Since the animal does not drink water, dissolved thyroxin enters 
the animal through the integument and the gills and  the amount of thyroxin 
absorption might be expected to be dependent on the rate  at  which  water 
enters the animal as well as on the amount of dissolved thyroxin.  The present 
experiments clearly show that the rate of respiration is increased in acid solu- 
tion and decreased in alkaline solution.  An increased rate of metabolism may 
be thought to result in an increased intake of the environmental fluid and a 
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vironments the tadpole takes up dissolved thyroxin more rapidly than it does 
in  alkaline  environments.  Under  these  conditions, a  more rapid  growth of 
the hind limbs would be expected in tadpoles living in acid solutions than would 
be expected in those living in more alkaline environments. 
Iodine-induced  development  is  quite  different from  thyroxin-induced de- 
velopment and  would  seem to  be  more difficult to  interpret.  In  thyroxin 
induced development, as we have seen, there appears to be no effect of hydrogen 
ion concentration upon the molecule itself.  However, such an effect does seem 
to occur in iodine-induced development and it is this chemical effect which is 
of prime importance here.  The existence of a chemical effect is demonstrated 
by experiments in which the effects of hydrogen ion concentration on induced 
growth are the same regardless of whether the iodine is injected into the animal 
or enters from the environment.  In other words, in this case it is not a question 
of how much iodine enters the animal, but at the hydrogen in concentration 
and consequently in what form.  The efficiency of iodine as an inducing agent 
is at a maximum at about the neutral point.  This is true whether the animal 
is injected with iodine at this hydrogen ion concentration or the environmental 
solution contains iodine at this hydrogen ion concentration.  There is then a 
marked lowering of effectiveness as the hydrogen ion concentration is either 
increased or decreased from this point. 
Several experimental attempts have been made to ascertain what chemical 
substance or substances, produced by iodine at the neutral point may account 
for its effectiveness  at this hydrogen ion concentration  The idea was advanced 
that the effectiveness of iodine at the neutral point is due to the presence of 
some form or forms of iodine at this hydrogen ion concentration other than 
free iodine alone.  We have reason to believe that free iodine of itself is not a 
powerful inducing agent, for increased acidification of an iodine solution results 
in increased quantities of free iodine but decreased growth. 
At different hydrogen ion concentrations, iodine solutions contain  various 
quantities of iodide, iodate, and iodite as was evident from the several equa- 
tions presented in Section I.  Iodate is absolutely ineffective as an inducing 
agent when used alone.  Iodide has but a  slight effect when used alone and 
iodite is presumably ineffective, for the effect of increasing the iodite concen- 
tration at the expense of free iodine is only to reduce the efficiency of the iodine 
solution as an inducing agent. 
It has been pointed out that free iodine reacts with iodide to form the iodine 
complex I~, and that an iodine solution contains a  maximum concentration 
of I~- at precisely the same hydrogen ion concentration as that which affords 
maximum growth.  Experimentation indicated, however, that this is merely 
a  coincidence, for solutions containing I~  are  no more efficient in  inducing 
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It is therefore not possible to say what it is which is produced at the neutral 
point which makes iodine an effective  inducing agent  at that  hydrogen ion 
concentration.  The results  which have been  obtained and the explanations 
given point the way for future experiments  which must be performed before 
this aspect of the problem can be solved. 
A study of the effects of hydrogen ion concentration on normal development 
proved to be  of interest.  This effect paralleled  the effect of hydrogen ion 
concentration  on  thyroxin-induced  development.  Acidity  accelerates  the 
development.  This can be accounted for if Elodea, which is used in the feeding 
of the animals in their normal development,  contains iodine organically bound 
and therefore, like thyroxin, may be unaffected by hydrogen ion concentration. 
The differential  growth effect would  then be  attributable, as in the case of 
thyroxin-induced development, to the differential effect of hydrogen ion con- 
centration on the rate of metabolism of the animal. 
Throughout the different experiments  it has been  evident that there is  a 
marked difference in the variability of response of the tadpoles.  This is inter- 
esting enough  to warrant further attention.  The variability of response  of 
the animals is seemingly dependent upon the strength of the environmental 
stimuli.  Substances,  like  thyroxin, which  are  very potent inducing agents 
produce a less varied response than less potent substances like iodine or potas- 
sium iodide.  And these latter, in turn produce a less varied response than that 
which is found in normal development.  Substances  which are responsible for 
a  particular process  then, such  as  the metamorphosis of the  tadpole, bring 
about this process with less variability as the effectiveness of this substance is 
increased  either by concentration or potency.  A rigid environment, such as 
is obtained by the use of buffer solutions also makes for a less variable response 
of the animals.  We saw this in the respiration  experiment.  Here, variability 
of response was much greater when animals were not kept in buffer solutions. 
V.  SUMMARY 
1.  It has been shown quantitatively that the degree of response of the hind 
limbs of tadpoles  to the action of thyroxin is dependent upon the lengths of 
the limbs at the beginning of treatment. 
2.  Both the potency of the inducing substance and the rate of penetration of 
the substance into the animal might be involved in the effects of hydrogen ion 
concentration on induced development. 
3.  Changes  in  hydrogen ion  concentration affect the  inducing power  of 
thyroxin and iodine differently.  With thyroxin, it is the rate of penetration 
of the molecule which determines the amount of growth, but with iodine  it 
is the chemical form in which the substance has entered the animal which is 
of prime importance. 646  THYROXIN-  AND  IODINE-TREATED  TADPOLES 
4. The hydrogen ion  concentration of thyroxin solutions  does  not  affect 
their potency when they are injected into tadpoles. 
5.  Change in hydrogen ion concentration of the environment does not affect 
the potency of thyroxin injected into tadpoles. 
6.  When thyroxin is administered in the environmental solution its effects, 
as measured by increase  in hind limb length are greater at higher  than at 
lower hydrogen ion concentrations in the range tested. 
7.  Since the potency of thyroxin is unaffected by change  in hydrogen ion 
concentration when the thyroxin solution is injected,  the above fact (point 6) 
seems explicable only on the basis of differences in the rate of penetration of 
thyroxin into the animals at the different hydrogen ion concentrations. 
8. These differences in penetration of the thyroxin at different hydrogen ion 
concentrations may be the result of a differential effect of hydrogen ion concen- 
tration upon the rate of metabolism of the animal.  The metabolic rate is sig- 
nificantly greater when the tadpoles  are kept in solutions of higher hydrogen 
ion concentration than when they are kept in solutions of low hydrogen ion 
concentration.  It is postulated that the rate of metabolism,  since it controls 
the  rate  of  intake  of  the  environmental fluid  and  therefore  of  dissolved 
thyroxin, also controls  the amount of thyroxin-induced development. 
9.  Change  in hydrogen ion  concentration of iodine  solutions  affects their 
potency when  injected into tadpoles.  A peak of effectiveness is reached at 
about the neutral point, with a lowered efficiency as the hydrogen ion concen- 
tration is either increased or decreased from this point. 
10.  Change  in hydrogen ion concentration of the environment affects  the 
potency of iodine injected into tadpoles.  The effect is similar to that noted 
in point 9. 
11.  The hydrogen ion concentration of the environment seems to affect the 
chemical nature of the iodine in solution  in the environment.  If this is so, 
it is possible that the differences in the metamorphic effects of iodine at different 
hydrogen ion concentrations  are dependent upon the chemical form of iodine 
present. 
12.  The  effect  of hydrogen ion  concentration on  normal development is 
similar  to  that on  thyroxin-induced development; an  effect  on  the rate  of 
metabolism of the animal causes increased growth in more acid solutions. 
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